Carbon dioxide may react with free or metal-bound hydroxide to afford products containing bicarbonate or carbonate, often captured as ligands bridging two or three metal sites. We report the kinetics and probable mechanism of an extremely rapid fixation reaction mediated by a planar nickel complex ½Ni II ðNNNÞðOHÞ 1− containing a tridentate 2,6-pyridinedicarboxamidate pincer ligand and a terminal hydroxide ligand. The minimal generalized reaction is M-OH þ CO 2 → M-OCO 2 H; with variant M, previous rate constants are ≲10 3 M −1 s −1 in aqueous solution. For the present bimolecular reaction, the (extrapolated) rate constant is 9.5 × 10 5 M −1 s −1 in N, N′-dimethylformamide at 298 K, a value within the range of k cat ∕K M ≈10 5 -10 8 M −1 s −1 for carbonic anhydrase, the most efficient catalyst of CO 2 fixation reactions. The enthalpy profile of the fixation reaction was calculated by density functional theory. The initial event is the formation of a weak precursor complex between the Ni-OH group and CO 2 , followed by insertion of a CO 2 oxygen atom into the Ni-OH bond to generate a four center Niðη 2 -OCO 2 HÞ transition state similar to that at the zinc site in carbonic anhydrase. Thereafter, the Ni-OH bond detaches to afford the Niðη 1 -OCO 2 HÞ fragment, after which the molecule passes through a second, lower energy transition state as the bicarbonate ligand rearranges to a conformation very similar to that in the crystalline product. Theoretical values of metric parameters and activation enthalpy are in good agreement with experimental values [ΔH ‡ ¼ 3.2ð5Þ kcal∕mol].
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nickel hydroxide | carbon dioxide-bicarbonate conversion | reaction mechanism R ecent research in this laboratory has been directed toward the attainment of synthetic analogues of the NiFe 3 S 4 active site of the enzyme carbon monoxide dehydrogenase (1, 2) , which catalyzes the interconversion reaction CO 2 þ 2H þ þ 2e − ⇌ CO þ H 2 O. In the course of this work, we have prepared binuclear Ni II ∕Fe II bridged species with the intention of simulating the Ni…Fe component of the enzyme site that is the locus of substrate binding, activation, and product release (3). The nickel site in the binuclear species has been prepared separately in the form of the planar hydroxide complex ½NiðpyN 2 Me2 ÞðOHÞ 1− containing a N,N′-2,6-dimethylphenyl-2,6-pyridinedicarboxamidate dianion. Whereas bridging hydroxide ligation is common, terminal binding is not and in general is stabilized in divalent metal complexes by hydrogen bonding or by steric shielding, as is the case here. As reported recently (3), exposure of a solution of ½NiðpyN 2
Me2 ÞðOHÞ 1− to the atmosphere results in an instantaneous color change from red to red-orange. This results in the fixation of CO 2 as the bicarbonate complex ½NiðpyN 2 Me2 ÞðHCO 3 Þ 1− accompanied by the spectral changes in Fig. 1 .
Several features of the CO 2 fixation reaction 1 are noteworthy. The reactant is a terminal hydroxide species affording a unidentate bicarbonate (η 1 -OCO 2 H) product. Far more common is the reaction of bridged M II 2 ðμ-OHÞ 1;2 precursors to afford binuclear or occasional trinuclear products bridged by carbonate utilizing two or three oxygen atoms (4) (5) (6) (7) (8) (9) . A second feature is the apparently fast reaction rate, given that CO 2 comprises only 0.039 vol % of the atmosphere. Although fixation of atmospheric CO 2 by metal hydroxide species has been previously observed (4, 5, 7, 10) , including with Ni II (7, (11) (12) (13) , no quantitation of reaction rates and analysis of reaction mechanism are available. The fixation of carbon dioxide, whereby this greenhouse gas is rendered in chemically combined forms, is of current environmental and biological interest. Fixation leads to utilization of the compound as a renewable carbon resource in the formation of useful organic compounds, ideally in catalytically efficient systems (14, 15) . Atmospheric capture of CO 2 allows its sequestration by various methods including conversion to metal carbonates (16) . In biology, the ubiquitous Zn(II) enzyme carbonic anhydrase catalyzes the reversible hydration reaction CO 2 þ H 2 O ⇌ HCO − 3 þ H þ , which among other functions leads to the removal of CO 2 from tissues in the mammalian respiratory process. Given the fore- going factors, we have determined the kinetics of reaction 1 and examined its mechanism with the aid of theoretical calculations.
Results and Discussion
Kinetics of CO 2 Fixation. The kinetics of reaction 1 were determined in dimethylformamide (DMF) solutions by stopped-flow spectrophotometry at 218-243 K. As seen in Fig. 1 , the absorption spectrum of ½NiðpyN 2 Me2 ÞðOHÞ 1− contains a peak at 411 nm and a shoulder near 490 nm, whereas the product ½NiðpyN 2 Me2 Þ ðHCO 3 Þ 1− presents maxima at 300 and 381 nm. The reaction was followed by absorbance changes at 450 nm under conditions of variable and constant CO 2 concentrations (≥10-fold excess of CO 2 with respect to Ni). In treating the low-temperature absorbance data, no evidence of a preequilibrium was found. A typical single exponential fit of the data (233 K) in the presence of a 10-fold excess of CO 2 is included as an inset, from which the pseudo-first-order rate constant k obs can be evaluated. The influence of water on the reaction rate was investigated under the conditions of Table 1 . The possibility that CO 2 is hydrated by small amounts of water in DMF by the reaction
− þ H þ and that bicarbonate reacts with ½NiðpyN 2 Me2 Þ ðOHÞ 1− to form a carbonate complex and water appears remote. This situation has been encountered in Cu II ∕CO 2 systems in acetonitrile, resulting in formation of a dinuclear carbonato complex (8) . There is no significant effect on k obs up to a mol ratio H 2 O∕Ni II ≈ 1600∶1. Further, the reaction product isolated is definitely a monoanionic bicarbonate complex (3). We conclude that our kinetics results are unaffected by the presence of small amounts of water.
Values of k obs vary linearly with CO 2 concentration at constant Ni II concentration, as shown for four temperatures in Fig. 2 , establishing that the reaction is first-order in CO 2 concentration. The reaction is first-order in Ni II as follows from the exponential shapes of the kinetics traces in the presence of excess CO 2 . Also, values of k obs determined from the kinetic traces do not depend on Ni II concentration. Consequently, for reaction 1, rate ¼ k 2 f½NiðpyN 2 Me2 ÞðOHÞ 1− g½CO 2 . A full set of k obs and k 2 data is available (SI Text). Second-order rate constants at 228 K and 298 K are given in Table 2 together with activation parameters obtained from the Eyring equation plotted in Fig. 3 . The data plotted are from the experiment with constant ½CO 2 ¼ 1 mM. The negative activation entropies are consistent with an associative transition state. Table 3 contains a summary of second-order rate constants for CO 2 fixation at ambient temperature, which may be compared with the extrapolated value of k 2 ¼ 9.5 × 10 5 M −1 s −1 at 298 K for reaction 1. These data were obtained in aqueous solution in a pH range sufficient to deprotonate coordinated water and thus refer to the minimal reaction M-OH þ CO 2 → M-OCO 2 H. The synthetic reactants ½L n M-OH zþ are primarily octahedral complexes of Co III and five-coordinate ½ZnðcyclenÞðOHÞ 1þ , perhaps the most successful kinetics mimic of the carbonic anhydrase site (17) . Of the multitude of kinetics information available for carbonic anhydrase, data for the human enzymes I, II, and III are selected because of the availability of k cat and K M data. It is evident that the rate constant for reaction 1 enters the domain of carbonic anhydrase kinetics and is ≳10 2 faster than any metalmediated synthetic system executing the same reaction. Although a more exact comparison cannot be made because of differences in solvent, this reaction is by any standard an extremely rapid CO 2 fixation. Like most other fixation reactions that have been adequately described, reaction 1 is reversible. Purging a solution of preisolated ½NiðpyN 2 Me2 ÞðHCO 3 Þ 1− with dinitrogen results in quantitative recovery of ½NiðpyN 2 Me2 ÞðOHÞ 1− (Fig. 1) .
Reaction Mechanism. The mechanism of reaction 1 was investigated by density functional theory (DFT) calculations. For comparison and calibration, different combinations of functionals (BP86, B3LYP) and basis sets [6-31G(d) , DGDZVP] were em- Table 2 .
ployed on the full pyN 2
Me2 systems as well as on simpler N-H and N-Me complexes. Calculations were conducted in the gas phase, where the monoanionic complexes were found to be stable to electron autodetachment (negative highest occupied molecular orbital and positive vertical ionization energies), and also with use of a polarizable continuum solvent model to simulate the experimental DMF solvent medium. In general, the various approaches all gave the same qualitative description of the reaction pathway; attention is focused on the pyN 2 Me2 complexes. The BP86/6-31G(d) enthalpic reaction profile and stationary point geometries are provided in Fig. 4 , and a schematic reaction sequence of the reactive fragments showing relative orientations and bond distances is given in Scheme 1. Calculated enthalpies with different computational models are listed in Table 4 .
The computed reaction begins with formation of a weakly associated precursor complex (PC) from the reactants at infinite separation. The CO 2 molecule approaches along the approximate mirror plane perpendicular to the NiN 3 plane between the faces of the C 6 H 3 Me 2 (DMP) substituents. With the exception of transition states involving nickel-bicarbonate rotation, all subsequent CO 2 -derived fragments lie on this plane. The closest contact between reactants in the PC occurs between the hydroxyl oxygen O1 and the CO 2 carbon atom at a distance shorter than the van der Waals separation (2.5-3.0 Å, depending on the method and basis set) (22) . The interaction is limited, however, as the CO 2 molecule deviates little from linearity (170-177°). Although PC formation is enthalpically favorable, the loss in entropy probably renders the complex slightly higher in free energy than the separated reactants at the experimental temperatures; this, plus the limitations of DFT treatments of weak interactions, limits the experimental significance of the precursor complex.
From PC, the reaction proceeds through a four-centered transition state (TS ins ) that inserts an O-C fragment into the Ni-OH bond. Conceptually, this transition state represents a nucleophilic attack of metal-bound hydroxide (O1H) at electrophilic carbon atom, with concurrent formation of a new Ni-O interaction from one of the CO 2 oxygen atoms (O2). This transition state closely resembles that accepted for CO 2 fixation by carbonic anhydrase (23, 24) , albeit with a different metal, d-electron count, and stereochemistry. For BP86 calculations, the wave function at the transition state is stable as a spin-restricted singlet. In contrast, stability tests on B3LYP calculations reveal lower energy, unrestricted solutions. The energy differences between the geometry-optimized unrestricted and restricted wave functions are minor (<1.5 kcal∕mol), however, and the corresponding structures deviate by <0.08 Å in Ni-ligand distances. An alternative reaction pathway was also characterized, involving a transition state (TS pt ) with simultaneous proton transfer and O1-C bond formation. This route does not involve direct Ni-CO 2 interaction, and O1 remains bound to the Ni center from reactant to product. The calculated activation enthalpy for TS pt , however, is at least 12 kcal∕mol higher than that of TS ins across all calculations, and this pathway therefore appears irrelevant to the mechanism of reaction 1.
The immediate product from TS ins is the nickel-bicarbonate complex P1, with the bicarbonate ligand adopting an antiperiplanar orientation of the Ni─O2─C═O3 dihedral and a synperiplanar O3═C─O1─H dihedral. This product geometry can rear- range to the more stable synperiplanar Ni─O2─C═O3 conformation P2 by pivoting about the O2 linkage through transition state TS piv12 ; this trajectory is equivalent to simultaneous rotations about both the Ni─O2 and O2─C bonds. Direct rotation by 180°about the O2─C bond offers a simpler, alternative reorientation pathway; our calculations indicate that this route is less favorable energetically by >2.4 kcal∕mol (TS rot12 ). Further rotations about the Ni─O1 bond in P1 and P2 through transition states TS rot13 and TS rot24 lead to antiperiplanar O3═C─O1─H conformers P3 and P4, respectively. These can be interconverted directly by O2 pivot or O2─C rotation pathways analogous to those linking P1 and P2 with the barrier to rotation (TS rot34 ) lower than the pivot barrier (TS piv34 ) in this case. Of the bicarbonate orientations, the most stable are the nearly equienergetic P2 and P4 conformers. P2 corresponds to the crystallographic product structure (3), although this structure also possesses additional interactions due to hydrogen-bonded dimerization via the bicarbonate ligand. This hydrogen bonding, which is not possible for the antiperiplanar O3═C─O1─H orientation of P4, probably determines the P2 geometry in the crystal structure, and similar interactions, either via self-association or, more likely, with the DMF solvent, may also favor P2 in solution.
The computational results agree well with available experimental findings. Structurally, the calculated geometries of ½NiðpyN 2
Me2 ÞðOHÞ 1− and the P2 conformer can be tested against crystallographic determinations (3) (SI Text). The Ni-ligand distances are within the expected accuracies in all DFT approaches investigated, and there is little basis to favor any particular computational model in our comparison set. The ligand conformations are predicted correctly, with the hydroxide hydrogen atom lying in the Ni coordination plane and the DMP substituents canted toward each other on one side of the coordination plane. Ignoring the hydroxide proton, the coordination unit and N-substituents assumes approximate C s symmetry. A different conformer with the same in-plane hydroxide orientation, but with DMP groups canted in a parallel manner (approximate C 2 symmetry), was also identified computationally at essentially the same energy. Because the CO 2 insertion occurs via the C s orientation, this geometry was used for the reactant reference energy in all thermochemical comparisons. For P2, distances within the bicarbonate ligand deviate significantly from the experimental data, due presumably to hydrogen bonding in the solid state structure.
Energetically, the calculated activation enthalpies agree well with and bracket the values obtained from reaction kinetics (Tables 2 and 4) , with the BP86 and B3LYP results higher and lower, respectively, than experiment. The magnitudes of the entropies are unreliable, being consistently higher than experiment by ca. 14-17 cal∕mol K; at the computed entropies, the overall thermochemistry of reaction 1 at 298.15 K from infinite separation to the bicarbonate product is incorrectly predicted to be either endergonic (BP86) or so weakly exergonic (≤ − 5 kcal∕ mol, B3LYP) that a substantial dissociative equilibrium arises. The erroneous entropies can be attributed to the inaccurate computational description of low-frequency vibrational modes (25 ÞðOHÞ 1− , CO 2 , and products P1-P4; the formation of PC is probably endergonic and was therefore excluded in the calculation. The result is consistent with the observed reversal of reaction 1 by dinitrogen sparging (Fig. 1) .
From the computational results, we make the following observations: (i) the planar Ni II geometry provides an unhindered, outof-plane approach for the small CO 2 reactant; (ii) the insertion process involves the simultaneous formation of new C⋯O1 and Ni⋯O2 interactions that compensate for the reduction of bonding character from the initial unperturbed Ni─O1 and C═O2 moieties; and (iii) aside from the local geometry changes associated with substrate insertion, the nickel complex is otherwise unchanged over the course of the reaction. The confluence of these factors likely accounts for the exceedingly low activation for CO 2 insertion. Finally, we note that our computational models do not address hydrogen bonding, and, given the low energies involved in this system, these interactions may be contributors to the overall solution thermochemistry.
Materials and Methods
Kinetics Measurement. Commercial DMF was dried over 3-Å molecular sieves for 3 d, redistilled in vacuo from CaH 2 at 55°C, and degassed by purging with dinitrogen gas before use in the glove box. Solutions of ðEt 4 NÞ½NiðpyN 2 Me2 ÞðOHÞ (3) were prepared in a glove box filled with argon immediately before a kinetics run and manipulated with a Hamilton gastight syringe equipped with a three-way valve. The solubility of CO 2 in DMF has been reported as 0.18 M (26) and 0.20 M (27, 28); the latter value was used. Saturated solutions were prepared by bubbling CO 2 through argonsaturated DMF in a syringe at 298 K for 20 min. Solutions with lower CO 2 concentrations were prepared by multiple dilutions of a 0.20-M solution with argon-saturated DMF using graduated gastight syringes equipped with three-way valves; liquid phase occupied the entire available volume in the closed system and was never exposed to the atmosphere and/or the gas/ vapor phase. Kinetics measurements were performed on a Hi-Tech Scientific SF-43 multimixing anaerobic cryogenic stopped-flow instrument (mixing time 4 ms) using a visible lamp. Because the reactions are very fast, data were collected in a single wavelength mode. All measurements were performed at 450 nm (the visible lamp afforded noisy spectra of ½NiðpyN 2 Me2 ÞðOHÞ 1− at λ max ¼ 411 nm). Solutions of the Ni II complex and CO 2 in DMF were separately cooled at low temperature (218-243 K) and mixed in a 1∶1 volume ratio. The mixing cell temperature was maintained at AE0.1 K. Concentrations of all reagents are reported for the onset of the reaction (after mixing). CO 2 (0.25-2.5 mM) was always in excess with respect to ½NiðpyN 2 Me2 ÞðOHÞ 1− (0.1 mM). Data analysis was performed with Rapid Kinetics software (Hi-Tech Scientific) and confirmed by IgorPro program for kinetics traces at 450 nm using a single exponential fit. Each reported rate constant is an average of at least five runs with standard deviations within AE2%.
Computational Methods. Density functional calculations were performed using the Gaussian 09 (G09) software package (29) . B3LYP (30) (31) (32) and BP86 (30, 33) functionals were employed in combination with split valence double-zeta, singly polarized 6-31G(d) (34, 35) and DGDZVP (36, 37) basis sets. Stationary points (minima or transition states) were verified by frequency calculations, and reaction paths from transition states were identified by tracking intrinsic reaction coordinates (38, 39) . Solvation effects were investigated via the polarizable continuum model using the integral equation formalism (40) , which is the default self-consistent reaction field method in G09. Initial geometry optimizations were conducted on restricted singlet states, and all converged wave functions were tested for stability (41, 42) ; unstable wave functions were reoptimized to stable unrestricted wave functions that were then subjected to further geometry optimization and wave function stability analyses. Default convergence criteria and parameters were used throughout.
